Abstract: Vitamin D has been identified as an innate anti-hepatitis C virus (HCV) agent but the possible mechanisms for this issue remain unclear. Here, we clarified the mechanisms of calcitriol-mediated inhibition of HCV infection. Calcitriol partially inhibited HCV infection, nitric oxide (NO) release and lipid accumulation in Huh7.5 human hepatoma cells via the activation of vitamin D receptor (VDR). When cells were pretreated with the activators of peroxisome proliferator-activated receptor (PPAR)-α (Wy14643) and -γ (Ly171883), the calcitriol-mediated HCV suppression was reversed. Otherwise, three individual stimulators of PPAR-α/β/γ blocked the activation of VDR. PPAR-β (linoleic acid) reversed the inhibition of NO release, whereas PPAR-γ (Ly171883) reversed the inhibitions of NO release and lipid accumulation in the presence of calcitriol. The calcitriol-mediated viral suppression, inhibition of NO release and activation of VDR were partially blocked by an inhibitor of endoplasmic reticulum-associated degradation (ERAD), kifunensine. Furthermore, calcitriol blocked the HCV-induced expressions of apolipoprotein J and 78 kDa glucose-regulated protein, which was restored by pretreatment of kifunensine. These results indicated that the calcitriol-mediated HCV suppression was associated with the activation of VDR, interference with ERAD process, as well as blockades of PPAR, lipid accumulation and nitrative stress.
Introduction
Vitamin D is essential to regulation of calcium homeostasis, is involved in cell proliferation and differentiation and exerts an immunomodulatory and anti-inflammatory property. Vitamin D is sourced from skin with ultraviolet B exposure and from dietary intake to be synthesized and then partially stored in the adipocytes. Alternatively, it produces in part 25-hydroxyvitamin D via hepatic 25-hydroxylation, which is sent into circulation, attached to vitamin D binding protein and transported to target tissues. 25-Hydroxyvitamin D is also hydroxylated by 25-hydroxyvitamin D3 1-α-hydroxylase (CYP27B1) in the proximal tubules of the kidney to form the biologically active form, 1,25-dihydroxyvitamin D3 (calcitriol), which it further acts on vitamin D receptor (VDR) to regulate biological functions [1, 2] .
Vitamin D deficiency participates in pathological mechanisms involved in diabetes mellitus, cardiovascular diseases, mood disorders, declining cognitive functions and increased risk of infections [1, 2] . Several studies have recently focused on vitamin D deficiency to be associated with the development of chronic liver diseases, including non-alcoholic fatty liver disease and hepatitis C virus (HCV) infection with a lower probability of a sustained virological response (SVR) to interferon-α (IFN-α) regimen [3, 4] . However, some findings that the intervention of vitamin D improve the anti-HCV of IFN-α to achieve a SVR have been shown to be debatable [5] . Whether the vitamin D deficiency acts as a consequence of disease or as a contributor to the dysfunction remains obscure [3] [4] [5] .
Interestingly, Huh7.5 hepatoma cells also express CYP27B1 and 1,25-dihydroxyvitamin D3 24-hydroxylase (CYP24A1), which converts vitamin D3 to calcitriol, afterwards to calcitroic acid, indicating that hepatocytes comprise the entire apparatus for vitamin D metabolism and activity. Vitamin D, 25-hydroxyvitamin D, or calcitriol also inhibits HCV [6, 7] . Thus, vitamin D and its metabolites have also been acknowledged as an innate antiviral agent [6] . Nevertheless, the precisely possible mechanisms for calcitriol-mediated inhibition of HCV infection are still unclear.
The main focus of interest at the pathogenesis of HCV infection includes virus infection, lipid metabolism [8] , oxidative and nitrative stress [9] [10] [11] , endoplasmic reticulum (ER) stress [11] [12] [13] , ER-associated degradation (ERAD) pathway [14] and host anti-viral signals [11, 15] . Previous studies also indicate that vitamin D or calcitriol regulates lipid metabolism [16] [17] [18] [19] [20] , affects apolipoprotein (apo) and cholesterol levels [21] [22] [23] [24] , prevents nitrative stress [25] and ER stress [26] [27] [28] and negatively modulates peroxisome proliferator-activated receptor (PPAR)-related signals [17, 20, 27] .
Therefore, the mechanisms of calcitriol-mediated inhibition of HCV infection are further clarified in the present study, especially via the regulations of PPAR and ERAD. Nitrative stress, lipid accumulation with altered apo expressions (e.g., apoJ), ER stress sensors (e.g., 78 kDa glucose-regulated protein/binding immunoglobulin protein, Grp78/Bip) and the activation of VDR, were also investigated following the HCV-infected Huh7.5 human hepatoma cells that had been pretreated with the PPAR activators or ERAD blocker, then cultured with calcitriol.
Materials and Methods

Chemicals
Calcitriol and kifunensine were purchased from Tocris Bioscience (Ellisville, MO, USA). Linoleic acid, Ly171883 and Wy14643 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies
Mouse monoclonal antibody [C7-50] to HCV core 1b (catalog No. ab2740), mouse monoclonal antibody [8 G-2] 
Cell Culture
The Huh7.5 cells that carry NS3/4A protease-based secreted alkaline phosphatase (SEAP) reporter were cultured in Dulbecco's Modified Eagle's Medium (Hyclone, South Logan, UT, USA) containing 2 µg/mL blasticidin (Life Technologies, Grand Island, NY, USA).
HCV Virus Stock
The HCV virus stock was obtained by concentrating the JFH-1 virion-containing supernatant through polyethylene glycol-8000 (Sigma-Aldrich) and its titer was determined via the immunofluorescence assay of HCV core-positive foci [29] . This prepared virus stock was later used for the infection of naïve Huh7.5 cells at the multiplicity of infection (MOI) of 0.01.
Evaluation of HCV Infection Using NS 3/4A Protease-Based SEAP Reporter Assay
The SEAP activity in the culture media was evaluated using a Phospha-Light assay kit (Invitrogen, Carlsbad, CA, USA) as described in the previous study [29] .
Cell Viability
A commercial kit for 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega, Madison, WI, USA) was applied to examine the cell viability via a measurement of Epoch Microplate Spectrophotometer (BioTek, Winooski, VT, USA) at 490 nm.
PPAR Response Element (PPRE) Activation
The PPREx3Luc plasmid contained three tandem repeats of the PPRE upstream of firefly luciferase reporter gene was constructed previously [30] . Huh7.5 cells comprising PPREx3Luc were treated with calcitriol for 6 h following the HCV infection at MOI 0.01 for 18 h. After the collection of cell lysates, the activity of luciferase reporter was examined via a luciferase reporter assay (Promega, Madison, WI, USA).
Western Blot Analysis
Cell lysates were collected at indicated times using lysis buffer containing 1% Triton X-100, 50 mM Tris (pH 7.5), 10 mM EDTA, 0.02% NaN 3 and protease inhibitor cocktail (Sigma-Aldrich). After being centrifuged for 10 min at 13,000 rpm, 4 • C, proteins in the collected supernatant were quantified and separated using 10% SDS-polyacrylamide gel electrophoresis and they were transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk in TBS-T (10 mM Tris, 150 mM NaCl and 0.05% Tween 20, pH 7.6) for 1 h at room temperature and probed with primary antibodies at 4 • C overnight. Horseradish peroxidase-conjugated secondary antibodies were applied to the membrane for 1 h at room temperature after being washed with TBS-T. The protein expressions were visualized via enhanced chemiluminescence reagent (PerkinElmer, Boston, MA, USA) and analyzed with VisionWorks ® LS software (version 8, Upland, CA, USA). β-actin acted as the internal control.
Immunofluorescence Analysis
Cells were treated with calcitriol alone and/or pretreatment with individual PPAR activator or ERAD inhibitor for 5 days in a 24-well plate. Then, cells were sub-cultured and seeded (1.5 × 10 4 ) to 4-well Millicell EZ ® slide (Merck Millipore, Burlington, MA, USA) during same medium condition for 1 day. The cells were harvested, fixed with 4% paraformaldehyde for 20 min at room temperature, permeabilized with 0.2% Triton X-100 for 10 min and 5% bovine serum albumin/phosphate buffered saline for 30 min at room temperature and stained with primary antibodies against the core, VDR, apoJ and Grp78 overnight. Secondary antibodies, including Alexa Fluor 594-/488-conjugated donkey anti-rat IgG, 647-conjugated donkey anti-mouse/goat anti-rabbit IgG, 488-conjugated goat anti-mouse IgG, and 568-conjugated goat anti-rabbit IgG, were used the next day and stained for 1 h at room temperature at 70 rpm. The nucleus was stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 2 min at room temperature at 70 rpm. After being carefully washed, these samples on glass slides were mounted and observed under confocal laser scanning microscope (Olympus FluoView TM , FV1000, Shinjuku-ku, Tokyo, Japan).
Determination of Nitric Oxide (NO) Release
The accumulated levels of nitrite in supernatant were determined for NO production. In short, collected supernatant was reacted with Griess reagent (1% sulphanilamide in 5% H 3 PO 4 and 0.1% naphthylethylenediamine dihydrochloride) at a ratio of 1:1 for 5 min at room temperature and measured at a wavelength of 550 nm. The nitrite concentration was determined according to a standard curve of sodium nitrite via an ELISA software (Softmax Pro; Molecular Devices, Version 5.4.1, Sunnyvale, CA, USA).
Lipid Accumulation
Cells were fixed with 7.5% formaldehyde, stained with 0.3% oil red O solution (Sigma-Aldrich) and counterstained with hematoxylin for 15 min. After being rinsed with sterilized water, the sample was air-dried more than 24 h before using 4% IGEPAL-CA-630 (Sigma-Aldrich) to dissolve the oil red O. The OD value was measured by Epoch Microplate Spectrophotometer (BioTek) at 520 nm.
Statistical Analysis
Continuous variables were expressed as the mean ± standard deviation (SD). Variables were compared by using the student's t-test and one-way ANOVA. Statistical significance was set at p < 0.05.
Results
Calcitriol Inhibited HCV Infection via the Activation of VDR
The Huh7.5-SEAP cells infected with HCV at MOI of 0.01 were treated with various concentrations of calcitriol for 6 days to examine whether calcitriol could directly affect HCV. The supernatant was subsequently collected for determining the SEAP activity and this activity was normalized with the number of cells as a reflection of the quantitative evaluation of HCV infection. We found that calcitriol inhibited partially HCV infection at 0.1-1000 nM ( Figure 1A ). Calcitriol (<1000 nM) did not cause cell cytotoxicity, determined by MTS cell proliferation assay ( Figure 1B) . Lower viral core and NS3 levels were also detected by calcitriol treatment ( Figure 1C ). HCV could down-regulate VDR, whose activation was partially restored after treatment of calcitriol, determined by immunofluorescence analysis ( Figure 1D ) and western blot ( Figure 1E ). Furthermore, HCV could inhibit translocation of VDR to nucleus, quantified by Image J ( Figure 1D ).
Calcitriol Inhibition of HCV Infection via the PPAR and ERAD Dependent Pathways
To clarify whether the PPAR and ERAD could affect the calcitriol-mediated HCV suppression, the HCV-infected cells were exposed to PPAR activators or ERAD inhibitor before calcitriol treatment was also investigated. Wy14643 at 5 µM, linoleic acid at 10 µM and Ly171883 at 30 µM were used to activate PPAR-α, PPAR-β and PPAR-γ, respectively [31] . HCV slightly induced PPRE activity, which was decreased by calcitriol on day 1. These inhibitory effects of calcitriol were reversed by the PPAR-α stimulator (Wy14643) and PPAR-γ (Ly171883), whereas PPAR-β (linoleic acid) resulted in a slight but not significant reverse. In addition, an ERAD inhibitor, kifunensine, was used, which, at 5-20 µM, inhibits class 1α-mannosidases to further block the ERAD pathway [32, 33] . As compared to various PPAR activators, kifunensine did not affect PPRE activity (Figure 2A ). When cells were pretreated with the Ly171883 and kifunensine, the calcitriol-mediated HCV suppression was reversed significantly. However, Wy14643 resulted in a slight reverse on day 6. Kifunensine alone enhanced apparently HCV infection, whereas treatment of PPAR stimulators alone did not result in these results ( Figure 2B ). Treatments of PPAR stimulators and kifunensine did not induce cytotoxicity ( Figure 2C ). Consistently, a significantly increased core-positive expression had been quantified in HCV infection, which was reversed by calcitriol treatment ( Figure 3A ,B). Pretreatment with Ly171883 and kifunensine clearly reversed the calcitriol-mediated inhibition of core expressions ( Figure 3A ,C).
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Calcitriol Blocked NO Release and Lipid Accumulation via PPAR and ERAD
Vitamin D or calcitriol regulates lipid metabolism [16] [17] [18] [19] [20] and prevents nitrative stress [25] . The role of calcitriol in HCV-induced nitrative stress and lipid metabolism was also examined. As 
Vitamin D or calcitriol regulates lipid metabolism [16] [17] [18] [19] [20] and prevents nitrative stress [25] . The role of calcitriol in HCV-induced nitrative stress and lipid metabolism was also examined. As expected, calcitriol decreased the HCV-induced NO release. Moreover, pretreatment with linoleic acid, Ly171883 and kifunensine but not Wy14643, counteracted the calcitriol-mediated NO release ( Figure 4A ). An amount of neutral lipid by oil red O staining was detected in Huh7.5-SEAP cells infected with HCV, which was significantly reduced by treatment of calcitriol. Ly171883 could reverse the calcitriol-mediated inhibition of lipid accumulation, whereas Wy14643, linoleic acid and kifunensine did not affect these results ( Figure 4B ).
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Calcitriol-Induced VDR Activation Was Blocked by PPAR and ERAD Signaling Pathway under HCV Infection
As previously described ( Figure 1D ), exogenous calcitriol could restore the down-regulation and activate VDR in HCV infection. We further investigated whether the PPAR and ERAD signaling pathways could influence the activation and nuclear translocation of VDR in the presence of calcitriol. The subcellular distribution of VDR was quantified by Image J in order to verify nuclear translocation. Calcitriol could increase by 2.2 ± 0.1 fold in the amount of VDR in the nucleus under HCV infection ( Figure 5A,B) . As compared with the calcitriol-treated cells, pretreatments of Wy14643, linoleic acid, Ly171883, or kifunensine markedly blocked nuclear translocation of VDR to some extent. Besides, three PPAR activators or kifunensine themselves also decreased the VDR expression ( Figure 5A,C) . These results indicated that PPAR and ERAD were involved in this process. The symbol (-) and (+) referred to the cells without and with HCV infection, respectively.
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Calcitriol Decreased the HCV-Induced apoJ and Grp78 Expression via ERAD
The expression levels of apoJ [34] and Grp78 [35] were induced after HCV infection. Whether calcitriol could block ERAD against HCV infection via apoJ and Grp78 was also examined. Administration of calcitriol could reduce the apoJ level ( Figure 6 ). Pretreatment of kifunensine but not PPAR activators, could reverse the calcitriol-reduced apoJ level. Similarly, the HCV-induced Grp78 expression was inhibited by calcitriol but this expression was reversed markedly by the pretreatment of kifunensine. However, Wy14643 resulted in a slight but not significant reverse (Figure 6 ).
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Discussion
In the present study, calcitriol could directly inhibit HCV. In addition, activation of VDR, interference with ERAD process and blockades of PPAR, lipid accumulation and nitrative stress participated in calcitriol-mediated HCV inhibition. Furthermore, calcitriol hampered the higher protein levels of apoJ and Grp78 against HCV infection (Figure 8 ).
In the present study, calcitriol could directly inhibit HCV. In addition, activation of VDR, interference with ERAD process and blockades of PPAR, lipid accumulation and nitrative stress participated in calcitriol-mediated HCV inhibition. Furthermore, calcitriol hampered the higher protein levels of apoJ and Grp78 against HCV infection (Figure 8) . PPAR-mediated pathways are involved in hepatic inflammation, oxidative stress, lipid metabolism, or cell growth and differentiation [36] . However, several findings regarding the role of PPAR in HCV infection are dissonant: (1) PPAR-α acts to ameliorate steatosis; conversely, the core protein activates PPAR-α which may worsen steatosis via mitochondrial dysfunction [37] ; (2) Increased PPAR-γ mRNA expression in liver tissues of chronic hepatitis C patients is associated with HCV-induced steatosis by way of PPAR-γ-up-regulated lipogenic genes that are effectors of lipid accumulation [38] . However, HCV core protein down-regulates PPAR-γ in Huh7 cells, leading to the induction of suppressor of cytokine signaling 7, which is repressed by PPAR-γ [39] .
On the other hand, calcitriol modulates lipid metabolism via PPAR-α [18] and -γ [16, 17, 19, 20] and stabilizes the inhibitory VDR proteins [16] . Suppression of PPAR-γ mRNA expressions and down-regulation of the expression of adipogenesis-related genes are involved in this process [17] . Conversely, administration of PPAR-γ agonists reversed the anti-adipogenic effect of VDR [20] . The inhibition of PPAR-α signaling is also connected with VDR [40] . Similarity, calcitriol reduced in part PPRE activity (Figure 2A) . Apart from the modulation of VDR activation ( Figure 5 ), PPAR family, especially PPAR-γ, regulated the calcitriol-mediated inhibitory effects, including HCV infection ( Figure 2B ), NO release ( Figure 4A ) and lipid accumulation ( Figure 4B) .
Activation of VDR maintains ER functions [27] and plays a vital role in controlling cholesterol levels [22, 41] . Deletion of the macrophage VDR in mice, conversely, results in the activation of ER stress, PPAR-γ signaling and accelerated cholesterol uptake [27] . Administration of calcitriol, however, prevents ER stress [28] . Vitamin D alters apo levels such as apoA1 and apoE [21] , otherwise apoJ impedes vitamin D signaling pathway [23, 24] . Instead, the modulation of apo levels are essential for HCV production, assembly and secretory machinery [42, 43] . ApoJ has been identified as host factor that stabilizes core and NS5A to promote HCV production [34] . On the other hand, the ERAD PPAR-mediated pathways are involved in hepatic inflammation, oxidative stress, lipid metabolism, or cell growth and differentiation [36] . However, several findings regarding the role of PPAR in HCV infection are dissonant: (1) PPAR-α acts to ameliorate steatosis; conversely, the core protein activates PPAR-α which may worsen steatosis via mitochondrial dysfunction [37] ; (2) Increased PPAR-γ mRNA expression in liver tissues of chronic hepatitis C patients is associated with HCV-induced steatosis by way of PPAR-γ-up-regulated lipogenic genes that are effectors of lipid accumulation [38] . However, HCV core protein down-regulates PPAR-γ in Huh7 cells, leading to the induction of suppressor of cytokine signaling 7, which is repressed by PPAR-γ [39] .
On the other hand, calcitriol modulates lipid metabolism via PPAR-α [18] and -γ [16, 17, 19, 20] and stabilizes the inhibitory VDR proteins [16] . Suppression of PPAR-γ mRNA expressions and down-regulation of the expression of adipogenesis-related genes are involved in this process [17] . Conversely, administration of PPAR-γ agonists reversed the anti-adipogenic effect of VDR [20] . The inhibition of PPAR-α signaling is also connected with VDR [40] . Similarity, calcitriol reduced in part PPRE activity (Figure 2A) . Apart from the modulation of VDR activation ( Figure 5 ), PPAR family, especially PPAR-γ, regulated the calcitriol-mediated inhibitory effects, including HCV infection ( Figure 2B ), NO release ( Figure 4A ) and lipid accumulation ( Figure 4B ).
Activation of VDR maintains ER functions [27] and plays a vital role in controlling cholesterol levels [22, 41] . Deletion of the macrophage VDR in mice, conversely, results in the activation of ER stress, PPAR-γ signaling and accelerated cholesterol uptake [27] . Administration of calcitriol, however, prevents ER stress [28] . Vitamin D alters apo levels such as apoA1 and apoE [21] , otherwise apoJ impedes vitamin D signaling pathway [23, 24] . Instead, the modulation of apo levels are essential for HCV production, assembly and secretory machinery [42, 43] . ApoJ has been identified as host factor that stabilizes core and NS5A to promote HCV production [34] . On the other hand, the ERAD pathway is a key function of unfolded protein response for the destruction of aberrant proteins. Defects in ERAD accumulates misfolded proteins in the ER and thereby trigger ER stress [44] . Grp78, an ER marker and one of the ERAD components [45] , can be induced after HCV infection [35] . HCV infection also activates the ERAD, leading to modulation of virus production [14, 46] . Although Grp78 may regulate the stability and retrotranslocation of apoJ under ER stress [26] , whether calcitriol blocks ER stress or ERAD against HCV infection remains obscure. Herein, our results showed that calcitriol reduced the HCV-induced apoJ and Grp78 levels (Figures 6 and 7) . In addition, blockage of ERAD not only augmented HCV infection (Figures 2 and 3) but also hindered the inhibitory effects of calcitriol, including HCV-induced NO release as well as apoJ and Grp78 expressions ( Figures 4A, 6 and 7) . Thus, the effect of calcitriol on ERAD in HCV infection might be related to the partial blockade of nitrative stress. Moreover, calcitriol may act as a negative regulator of apoJ and Grp78 and impede the ERAD pathway, which further participated in calcitriol-mediated HCV suppression.
Several studies indicate that the addition of vitamin D2, vitamin D3, 25-hydroxyvitamin D, or calcitriol to IFN-α may suppress HCV production synergistically. However, the above findings regarding vitamin D or its metabolite itself possessing anti-HCV activity appear to be controversial due to some discrepancies, including the different analysis system, culturing time used and drugs administered (before HCV inoculation or co-treated with drug and HCV inoculation), virus strains and MOI [6, 7, [47] [48] [49] . Alternatively, we also found that the activation of PPAR and ERAD might interfere the inhibitory effects of calcitriol (Figures 2-5 ). HCV could down-regulate VDR ( Figure 1E ), which was similar to a previous study that low VDR expression was observed in hepatocytes of chronic hepatitis C subjects [50] . Moreover, HCV could impede the translocation of VDR to nucleus (Figures 1 and 3) , whose activation was partially restored after treatment of calcitriol. One previous study has also indicated that VDR may act as a suppressor of IFN-α/Jak/STAT signal pathway [49] . These findings might explain that the partial inhibitory effects of calcitriol on HCV infection occurred in Huh7.5 human hepatoma cells.
Vitamin D deficiency is closely associated with the disease severity of chronic hepatitis C. Anti-inflammatory and immune-modulatory properties may be responsible for logical mechanisms of vitamin D in chronic liver diseases [5] . Nevertheless, the precise mechanisms of calcitriol-mediated inhibition of HCV infection remains obscure. In the present study, we have clarified the notable mechanisms for HCV suppression of calcitriol via the activation of VDR, interference with ERAD process, blockade of PPAR activation, relief of lipid accumulation and reduction of nitrative stress, to further provide an objective strategy for HCV therapy in clinic. 
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